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A B S T R A C T   

The COVID-19 pandemic has highlighted the need for new vaccine platforms to rapidly develop solutions against 
emerging pathogens. In particular, some plant viruses offer several advantages for developing subunit vaccines, 
such as high expression rates in E. coli, high immunogenicity and safety, and absence of pre-immunity that could 
interfere with the vaccine's efficacy. Cowpea chlorotic mottle virus (CCMV) is a model system that has been 
extensively characterized, with key advantages for its use as an epitope carrier. In the present study, three 
relevant epitopes from the SARS-CoV-2 Spike protein were genetically inserted into the CCMV CP and expressed 
in E. coli cultures, resulting in the CCMV1, CCMV2, and CCMV3 chimeras. The recombinant CP mutants were 
purified from the formed inclusion bodies and refolded, and their immunogenicity as a subunit vaccine was 
assessed in BALB/c mice. The three mutants are immunogenic as they induce high IgG antibody titers that 
recognize the recombinant full-length S protein. This study supports the application of CCMV CP as an attractive 
carrier for the clinical evaluation of vaccine candidates against SARS-CoV-2. Furthermore, it suggests that VLPs 
assembled from these chimeric proteins could result in antigens with better immunogenicity.   

1. Introduction 

The Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-2) 
is the etiological agent of the Coronavirus 19 Disease (COVID-19), 
originated in the province of Wuhan, China, in 2019 [1]; which rapidly 
imposed a considerable burden on public health, disrupted the global 
economy, and almost all social activities [2]. Nonetheless, this pandemic 
helped to develop novel vaccine platforms and technologies that seemed 
far from being approved for human health purposes [3]. In particular, 
the development of vaccines is the most crucial approach to combat this 
pandemic resulting in an unprecedented, accelerated development of 
several candidates. 

Neutralizing antibodies and/or T-cell immune responses are the 
basis for providing immunoprotection against SARS-CoV-2, with the 
Spike (S) protein being the primary target immunogen. Based on studies 

with SARS-CoV and MERS-CoV, it was rapidly identified that the “Re-
ceptor Binding Domain” (RBD) in the S1 domain of the S protein is the 
primary site for the induction of neutralizing antibodies [4]. 

Coronaviruses have the most stable genome amongst single-stranded 
RNA (ssRNA) viruses [5]. Their mutation rate is higher than double- 
stranded DNA viruses [6] but lower than most ssRNA viruses. Highly 
pathogenic coronaviruses can mutate to generate a series of SARS-CoV-2 
variants of concern (VOC). VOCs are defined as those that have genetic 
changes that are predicted, or known, to affect viral characteristics such 
as transmissibility, disease severity, and immune escape [7]. Amongst 
all VOC, the WHO has cataloged the Delta variant (lineage B.1.617.2 y 
AY) and omicron variant (lineage B.1.1.529 y BA) as the most con-
cerning ones; there are key point mutations that help the virus to escape 
the neutralizing antibodies from recovered patients [8] and the 
approved vaccines. 
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Several platforms have been explored for the development of vac-
cines against SARS-CoV-2. In ascending order of frequency as approved 
technologies, there are vaccines based on: protein subunits, inactivated 
viruses, mRNA encapsulated in liposomes, and adenoviral vectors. 
However, other technologies exist in pre-clinical and clinical stages, 
such as virus-like particles, replicating viral vectors, and live attenuated 
viruses [9]. 

Although most SARS-CoV-2 vaccines are currently used worldwide 
under authorizations for emergency use, it is clear that new platforms 
should be implemented to guarantee global vaccination as well as a 
rapid response against new VOCs, especially those with the capacity to 
evolve into variants of concern with higher transmissibility and immune 
evasion. According to the WHO database, subunit vaccines are the most 
prominent candidates under clinical development. These vaccines have 
remarkable advantages: they do not contain any replicative components 
of the pathogen that could cause an infection in case of poor inactivation 
or reverberant mutations that turn the virus infectious. Furthermore, 
subunit vaccines can offer the induction of immune responses focused on 
specific protein domains or epitopes from the pathogen, which could 
ultimately optimize vaccines' rational design [10]. On the other hand, 
the side effects are less common because subunit vaccines contain only 
the target antigen. On the other hand, such simplification is also often 
associated with poor immunogenicity; hence to overcome this limita-
tion, these formulations are often supplemented with adjuvants [11]. 

Plant viruses are attractive platforms for gene and drug delivery and 
the presentation of immunogenic peptides [12]. Amongst all the plant 
viruses used in biotechnology, cowpea chlorotic mottle virus (CCMV) is 
probably one of the most studied RNA viruses: it can be reconstituted 
from either purified components or ectopically expressed recombinant 
proteins [13]. On the one hand, it can be assembled in the absence of 
nucleic acids in a wide range of macromolecular arranges [14]. On the 
other hand, it can package almost any flexible and negatively charged 
polymer (e.g., oligos, ssRNA, and polymers). The CCMV capsid protein 
(CP) is a promising antigen carrier for vaccine design; several studies 
have shown its safety in vivo in several test animals [15] and have been 
explored for other biomedical applications such as drug delivery, im-
aging, and tumor therapy [16]. Recombinant CCMV CP has been effi-
ciently produced in E. coli as a host [17,18], resulting in high yields that 
have supported its assessment in biophysical studies and nanotech-
nology and biomedical applications [19]. This system offers the 
advantage that the CP can be genetically and/or chemically modified to 
expose novel chemical moieties or antigens, which can then be pre-
sented either as a dimeric protein or as a virion (empty or filled with 
RNA). Furthermore, unlike adenoviral vectors, it does not impose limi-
tations in terms of preexisting immunity, given that it is a plant virus 
whose reservoir does not include humans, and thus vaccinees lack of 
anti-carrier antibodies at the priming phase. 

In the present study, the CCMV CP was genetically modified to 
generate three different mutant CPs decorated with SARS-CoV-2 linear 
epitopes. The CP was expressed in E. coli and purified under non- 
assembling conditions that promote the protein in a dimeric state. The 
chimeric CCMV CP was explored as an initial approach to obtain highly 
immunogenic proteins capable of presenting epitopes from the RBD to 
the immune system. The humoral immunogenicity of the three chimeric 
CCMV CPs was tested in BALB/c mice. 

2. Methods and materials 

2.1. Plasmid design 

The CCMV CP was used as a scaffold to display SARS-CoV-2 epitopes. 
We designed three chimeric proteins to display epitopes of the SARS- 
CoV-S protein: CCMV1 (S462-500), CCMV2 (S505-522), and CCMV3 (S439- 

460). The S sequences were inserted between amino acids 164 and 165, 
that is, at the loop between βH-βI [16]. The sequence of the wild-type 
CCMV CP (Gene Bank: M28818.1A) was used as a scaffold. All four 

genes were synthesized by Gene Script, INC. The synthetic genes were 
codon-optimized for E. coli by the vendor and cloned into the vector 
pET-15b at the NdeI/BamHI restriction sites and with a His-Tag at the N- 
termini. These plasmids have an ampicillin-resistant gene. 

2.2. Structure prediction for chimeric proteins 

The insertion site of the SARS-CoV-2 epitopes into the CCMV CP was 
decided by modeling the chimeric protein using the ProMod3 modeling 
engine from the Swiss-Model homology modeling server (version 1.0.0; 
https://swissmodel.expasy.org) using the structure of the native CP of 
CCMV (PDB: 1za7.1) as a template. The insertion site was selected as 
that disturbed the least the tertiary structure of the modeled chimeric 
protein for the native CP. This analysis was performed with the UCSF 
Chimera X molecular modeling program. 

2.3. E. coli transformation and preliminary protein expression assays 

Chemically competent Rosetta DE3 E. coli cells were transformed with 
the expression vectors and plated Agar-Luria Broth (LB) plates supple-
mented with ampicillin (50 mg/mL) and chloramphenicol (40 mg/mL) 
and incubated overnight at 37 ◦C. Several colonies were selected and 
propagated in LB media with the proper antibiotics to assess protein 
expression. A pre-inoculum was generated for each of the selected col-
onies by inoculating them in 50 mL of LB medium supplemented with 
40 mg/mL chloramphenicol and 50 mg/mL ampicillin, followed by in-
cubation at 37 ◦C for 24 h at 150 rpm. The inoculums were 10-fold 
diluted in a flask containing 2YT medium (16 g/L Bacto Tryptone, 10 
g/L Yeast extract, 5 g/L NaCl, pH 7.0) supplemented with the proper 
antibiotics, and grown at 37 ◦C until the OD600 was between 0.6 and 0.8. 
An aliquot of the culture was taken before protein induction as a 
negative control. Protein expression was subsequently induced by add-
ing 0.1 mM IPTG followed by incubation at 28 ◦C for a 4 h-period. The 
cells were centrifugated at 6500 RCF for 15 min at 4 ◦C and stored at 
− 80 ◦C until further processing. 

2.4. Protein extraction and SDS-PAGE analysis 

The biomass recovered from expression experiments was stored at 
− 80 ◦C, thawed and resuspended in 2.5 mL of disassembly buffer (10 
mM imidazole, 300 mM NaCl, 50 mM Na2HPO4, pH 8.0). The cells were 
subsequently lysed by sonication using a sonicator at 70 % amplitude 
(Sonics Vibra Cell, CT, USA) on ice over for 10 min period comprising 10 
s-pulses followed by 10 s-off periods and an aliquot stored for further 
analysis (total protein). The lysate was centrifuged at 6500 RCF for 15 
min, and the supernatant (soluble fraction) was separated from the 
pellet (insoluble fraction). The pellet was resuspended in 2.5 mL of 
disassembly buffer. 

The expression profile was determined by SDS-PAGE. The pre- 
induction fraction, the total protein extract, and the soluble and insol-
uble protein fractions were analyzed in 12 % SDS-PAGE gel. Each lane 
was loaded with 30 μL of the corresponding sample previously mixed 
with 5 μL of 5× loading buffer and boiled for 5 min at 98 ◦C. The gels 
were run at 120 V for 1 h and stained with a Coomassie blue solution. 

2.5. Purification of CCMV chimeras 

The colonies that exhibited the best expression profile were used to 
express the desired proteins in 250 mL of LB with the proper antibiotics 
following the same conditions as the initial expression conditions (see 
above). The bacterial pellet was resuspended in 4 mL of 20 mM Tris-HCl 
pH 8.0 and subsequently disrupted by sonication at a 70 % amplitude for 
1min on ice (10 s-pulses followed by 10 s-off periods). The lysate was 
centrifuged for 10 min at 6500 RCF and 4 ◦C. The pellet was resuspended 
in 3 mL of cold denaturing buffer (2 M urea, 20 mM Tris-HCl, 0.5 M 
NaCl, 2 % Triton™ X-100 pH 8.0) and sonicated as previously described. 
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The solution was centrifuged at 6500 RCF for 10 min at 4 ◦C. The pellet 
was washed with the denaturing buffer and centrifuged. The pellet was 
resuspended in 5 mL 20 mM Tris-HCl, 0.5 M NaCl, 5 mM imidazole, 6 M 
guanidine hydrochloride, and 1 mM 2-mercaptoethanol, pH 8.0. The 
solution was stirred with a magnetic bar for 60 min at room temperature 
and subsequently centrifuged for 15 min at 6500 RCF. The solubilized 
protein was incubated with 1 mL of His Pur™ Ni-NTA Resin for 1 h at 
4 ◦C under constant agitation in an orbital shaker. The sample was 
centrifuged at 4500 RCF for 5 min at 4 ◦C, and the supernatant was kept 
for further analysis. The resin was washed several times with 10 mL of a 
Ni-NTA denaturing buffer (20 mM Tris-HCl, 0.5 M NaCl, 20 mM imid-
azole, 1 mM 2-mercaptoethanol, 6 M urea, pH 8.0.). The protein was 
refolded while bound to the resin using a linear 6–0 M urea gradient. 
Each wash consisted of a 5 min-incubation, followed by a centrifugation 
step (5 min at 4500 RCF). The resin was subsequently washed with 3 mL 
of buffer containing 20 mM imidazole, 300 mM NaCl, 50 mM Na2HPO4, 
pH 8.0, and the elution of the target protein was induced by washing the 
resin 1 mL of buffer containing 500 mM imidazole, 300 mM NaCl, 50 
mM Na2HPO4, pH 8.0. The elution step was repeated twice. The protein 
content at each step was analyzed by SDS-PAGE, as indicated in the 
previous sections. 

2.6. Immunoblot 

The protein extracts (30 μL samples) were loaded into an SDS-PAGE 
12 % and ran as previously mentioned, and the proteins were transferred 
into Nitrocellulose Membrane BIO-RAD™ for1 h at 500 mA. The 
membrane was blocked overnight with a 5 % milk solution at 4 ◦C, 
followed by three 10 min-washes with PBS-Tween. Primary labeling was 
performed overnight at 4 ◦C using an anti-S461–493 hyperimmune ob-
tained in sheep (dilution 1:10,000) [20]. The membrane was subjected 
to three 10 min-washes with PBS-Tween before the addition of a donkey 
anti-sheep antibody conjugated with horseradish peroxidase (1:10,000 
dilution, Sigma-Aldrich, St. Louis, MO) followed by incubation for 2 h at 

room temperature. After three 10 min-washes with PBS-Tween, the 
membrane was treated with peroxidase chemiluminescent substrates 
and developed on photosensitive screens for 15 min in a dark room. 

2.7. Immunization assay 

BALB/c mice were used for the immunization assays, which were 
approved by the institutional ethics committee (CEID-2020-07R1). Mice 
were 8 to 10 weeks old and randomly divided into nine groups (n = 4). 
Mice were subjected to an immunization scheme comprising the 
administration of three subcutaneous doses (100 μL) on the back on days 
0, 14, and 21. The experimental groups are: group 1 – PBS, group 2–10 
μg of CCMV1 + PBS, group 3–10 μg of CCMV1 + Al(OH)3, group 4–10 μg 
of WT CCMV CP, group 5–10 μg of CCMV2 + PBS, group 6–10 μg of 
CCMV2 + Al(OH)3, group 7–10 μg of CCMV3 + PBS, group 8–10 μg of 
CCMV3 + Al(OH)3, and group 9–25 μg of CCMV1 + CCMV2 + CCMV3 
+ Al(OH)3. Blood samples from the tail were taken on days 0, 13, 20, 39, 
56, and 159. The serum was separated from total blood by centrifugation 
for 10 min at 5000 RPM and kept at − 20 ◦C until further use. The Al 
(OH)3 adjuvant (G biosciences, cat no. 786–1215) was used at a 1:5 
ratio. 

2.8. Enzyme linked immunosorbent assay (ELISA) 

Ninety-six-well polystyrene plates were coated with the different 
target antigens: a synthetic peptide containing amino acids 461–493 of 
the S protein from the Wuhan isolate, the full-length S protein from the 
Wuhan sequence (SinoBiological Inc. cat. No. 40589-V08H4), the full- 
length S protein from the Delta variant (SinoBiological Inc. cat. 
No.40589-v08816) and the chimeric CCMV CPs. The plates were incu-
bated with the antigen solution for 24 h at 4 ◦C (200 ng/well for the 
synthetic peptide; 50 ng/well for both S proteins and CCMV CPs). The 
incubation buffer consisted of 15 mM Na2CO3 and 35 mM NaHCO3). The 
plates were washed three times with PBS-Tween after each step. The 

Fig. 1. Localization of the target epitopes. A segment of the primary sequence of the SARS-CoV-2 s protein from amino acids 231 to 575 that indicate the localization 
of the SARS-CoV-2 epitopes in the “Receptor Binding Domain” (RBD) inserted into the three chimeric CCMV capsid proteins: CCMV 1 (S462–500), 2 (S505–522), and 3 
(S439–460). These epitopes contain binding ACE-2 binding sites (BS), B, Th, and CTL epitopes. 
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samples were blocked by incubating the plate for 24 h with 5 % skim 
milk at 25 ◦C. Dilution of the test sera was applied to the plate, followed 
by incubation overnight at 4 ◦C. As a secondary antibody, a donkey anti- 
mouse IgG1 with horseradish peroxidase-conjugated antibody was used 
(1:10,000 dilution, Sigma-Aldrich, St. Louis, MO). An ABTS substrate 
solution containing 0.6 mM 2,2′-Azino-bis (3-ethylbenzothiazoline-6- 
sulfonic acid) (ABTS; Sigma-Aldrich), 0.1 M citric acid, and 1 mM H2O2 
at pH 4; was used for detection of binding antibodies. After a 30 min- 
incubation at 25 ◦C, the optical density at 405 nm was recorded with a 
Multiskan FC microplate photometer (Thermo Fisher Scientific, Wal-
tham, MOM). Statistical analysis comprised ANOVAs (p < 0.05) ran in 
the STATISTICA software version 10 by Stat Soft. Inc. 

3. Results 

3.1. Design of CCMV-based chimeras carrying S epitopes are efficiently 
expressed in E. coli 

The SARS-CoV-2 epitopes used in the present study were chosen 
because the RBD is considered a key antigen for the induction of 
neutralizing antibodies and relevant T cell responses. CCMV1 (S462–500) 
contains six complete and one partial ACE2 binding sites, which repre-
sent about half of the ACE2 binding sites, and according to the in silico 
analysis, one Helper T (Th) cell epitope [21], and one cytotoxic T 
lymphocyte (CTL) epitope [22]. CCMV2 (S505–522) contains one ACE2 
binding site, whereas CCMV3 (S439–460) contains three ACE2 binding 
sites, one Th cell epitope, and one CTL epitope. The insertion of the 
SARS-CoV-2 epitopes into the CCMV CP sequence was determined by 
finding the most exposed loop between the β-sheets (see Fig. 1). To 

determine if the insertion of the peptides could completely disrupt the 
secondary and tertiary structure of the CP, the chimeric protein was 
modeled using the ProMod3 modeling engine (see Fig. 2). Several 
insertion sites were assessed until we found that insertion of the epitopes 
between the CP amino acids 164 and 165 had the least deleterious ef-
fects. It is important to note that these simulations do not guarantee that 
the mutations will not affect the structure of the CP but were used to 
determine the most likely insertion site from the three loops that pre-
serve the overall integrity of the capsid protein. 

3.2. CCMV-based chimeras are efficiently expressed in E. coli 

The expression of the CCMV-based chimeras was confirmed by SDS- 
PAGE, as is shown in Fig. 3. Three colonies transformed with each 
plasmid were assessed for protein expression in an initial screening. All 
the analyzed colonies showed the presence of the expected recombinant 
proteins (22.1, 26.5, 24.2, and 24.8 kDa for WT, CCMV1, CCMV2, and 
CCMV3, respectively). Based on the relative amount of recombinant 
protein accumulated by each clone, the following clones were selected 
for further experiments: WT.1, CCMV 1.1, CCMV2.1, CP CCMV 3.3. 

Once the clones WT.1, CCMV 1.1, CCMV 1.2, CP CCMV 1.3 were 
selected, we proceeded to purify the WT and chimeric proteins. Despite 
our efforts to use different lysis and solubilization protocols, most re-
combinant chimeric proteins remain in the insoluble fraction (e.g., in-
clusion bodies). This is contrary to the WT CP, which in almost every 
protocol accumulates roughly equal amounts in the soluble and insol-
uble protein fractions (data not shown). This difference in solubilities 
suggests that the insertion of the SARS-CoV-2 epitopes can affect the 
folding of the protein. Therefore, we solubilized the chimeric proteins 

Fig. 2. Modeled 3D structure of the chimeric CCMV/SARS-CoV-2 proteins. A) Crystal structure of the wild-type CCMV CP. B) Predicted structure of the CCMV 1, C) 2, 
and D) 3 CPs that contain the S462–500, S505–522, and S439–460 epitopes (red), respectively. The prediction was generated using the ProMod3 modeling engine. The in 
silico analysis does not predict drastic changes in the secondary and tertiary structure of the capsid proteins due to the insertion of the epitopes. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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from the inclusion bodies using denaturing conditions. The protocol that 
allowed for the highest amount of soluble protein recovered from the 
inclusion bodies consisted of first washing the insoluble fraction with 2 
M urea, 20 mM Tris-HCl, 0.5 M NaCl, 2 % Triton™ X-100 pH 8.0, fol-
lowed by a series of washes with 20 mM Tris-HCl, 0.5 M NaCl, 5 mM 

imidazole, 6 M guanidine hydrochloride, and 1 mM 2-mercaptoethanol, 
pH 8.0, and a final resuspension in 20 mM Tris-HCl, 0.5 M NaCl, 20 mM 
imidazole, 1 mM 2-mercaptoethanol, 6 M urea, pH 8.0. Fig. 4 A shows 
the SDS-PAGE of the recombinant proteins recovered in the final 
resuspension step with the buffer that contains 6 M Urea. The molecular 

Fig. 3. Expression assessment for the CCMV1-based chimeras carrying S epitopes using recombinant E. coli (Rosetta DE3). SDS-PAGE gels for the analysis of clones 
expressing CCMV CPs (WT, and 1-3 mutants) at the pre-induction (NI) or the post-induction (I) phase. The numbers on the far left correspond to the molecular weight 
of the protein ladder. The expected molecular weight of the WT and CPs are 22.1, 26.5, 24.2, and 24.8 kDa, respectively. 

C. Almendárez-Rodriguez et al.                                                                                                                                                                                                              



International Journal of Biological Macromolecules 213 (2022) 1007–1017

1012

weight of the most prominent band in each lane corresponds to the 
expected weights for the chimeric proteins. Furthermore, this analysis 
shows that the samples contain small amounts of other proteins. 

The chimeric and WT CPs have an N-terminal His-tag. Therefore, 
after solubilization from the inclusion bodies, we refolded the proteins 
while bound to Ni-NTA beads. This was done by washing the bound 
protein with Tris-HCl buffers that contain 20 mM imidazole, NaCl, 2- 
mercaptoethanol, and pH 8 with varying concentrations of urea that 
range from 6 to 0 M. After refolding the proteins, buffers containing 20 
and 250 mM of imidazole were applied to wash out the weakly bound 
protein and a 500 mM-imidazole containing buffer allowed an efficient 
elution of the WT CCMV CP, with high purity (Fig. 4-B). Based on these 
results, the same conditions were applied during the purification of the 
chimeric CCMV CPs, observing similar yields and purity (see Fig. 4C, D). 

3.3. The chimeric CP are recognized by antibodies against the RBD 

We have previously reported the generation of hyperimmune sheep 
serum that recognizes a portion of the RBD. The epitope in CCMV1 falls 
within the RBD region used to generate the hyperimmune serum; hence 
we used this serum to determine if RBD-specific antibodies can recog-
nize the refolded CCMV1 protein [20]. Fig. 4-E shows a western blot of 
the three 500 mM imidazole elutions for CCMV1, as well as the elution 
with 20 mM imidazole, which contains the non-bound proteins. This 
blot shows that the epitope in CCMV1 can be recognized by our RBD- 
specific hyperimmune serum, confirming that the band of interest 
observed by SDS-PAGE belongs to the chimeric protein. Furthermore, it 
is well known that in solution, CCMV CP is in a dimeric form [24], and 

under denaturing conditions, most of the dimers are disrupted. How-
ever, Fig. 4-E shows that by Western blot, we can detect that in a fraction 
of the CCMV1 CP dimers prevail under the denaturing conditions of an 
SDS-PAGE. The dimerization of WT CCMV CP occurs through the direct 
interaction between the C-termini of each monomer [25]; therefore, this 
result suggests that the refolded protein retains at least some of the 
proper tertiary structure that allows it to dimerize. 

3.4. The CCMV1-3 chimeras induce strong IgG responses in test mice 

Table 1 contains the nine different immunization groups. It is 
important to point out that at least during the immunization protocol, 
none of the animals died, nor presented abnormal behavior, suggesting 
that our vaccine candidates are safe (data not shown). Fig. 5 shows the 

Fig. 4. Data on the purification of CCMV CPs. A) Protein patterns from inclusion bodies are solubilized using a series of washed with denaturing buffers. Most of the 
endogenous proteins present in the inclusion bodies are removed by the treatment with the buffer containing 6 M Urea. B) C) and D) representative SDS- PAGE gels 
for the purification by IMAC of CCMV1, CCMV2, and CCMV3, respectively. B) Purification of CCMV WT by nickel resin from soluble fraction, lane 1 shows the 
fraction not bound to the resin, lane 2: washing the nickel resin with 20 mM imidazole to remove proteins weakly bound to the resin. Lanes 2 and 3: washing the 
nickel resin with 250 mM imidazole to remove bound proteins moderately bound to the resin. Lanes 4–6 washing the nickel resin with 500 mM imidazole used to 
elute our protein of interest. C) Purification of CCMV1 by nickel resin from soluble fraction, lane 1: washing the nickel resin with 20 mM imidazole to remove proteins 
weakly bound to the resin. Lanes 2–4: washing the nickel resin with 500 mM imidazole used to elute our protein of interest (thee elutions). D) Chimeras 2 and 3 after 
nickel resin purification and elution with 500 mM imidazole. E) Western Blot to assess the antigenicity of the CCMV1 protein using an anti-serum against the SARS- 
CoV-2 target sequence. The red box shows dimeric CP, and the blue box represents the monomeric protein. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Table 1 
Description of the treatments assigned to each mice group (n = 4) for 
immunogenicity assessment.  

Group Vaccine 

G1 PBS (Negative control) 
G2 CCMV1-PBS (10 μg) 
G3 CCMV1-Al(OH)3 (10 μg) 
G4 CCMV-WT(10 μg) 
G5 CCMV2-PBS(10 μg) 
G6 CCMV2- Al(OH)3(10 μg) 
G7 CCMV3-PBS(10 μg) 
G8 CCMV3- Al(OH)3(10 μg) 
G9 CCMV1/CCMV2/CCMV3- Al(OH)3(25 μg)  
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results of the indirect ELISA performed to measure IgG response in sera 
samples (1:800 dilution) taken 18 days after the third immunization. In 
this case, the target antigen was the full-length S protein from the 
Wuhan sequence. The group immunized with CCMV1 plus the adjuvant 
(G3) showed the highest antibody titers 18 days after the immunization 
protocol was completed compared to all other groups. Groups 8 and 9 
(CCMV3 + adjuvant, and CCMV1 + CCMV2 + CCMV3 + adjuvant, 
respectively) had similar immunogenic properties; however, they were 
considerably lower than for G3. This suggests that the formulation 
comprising adjuvanted CCMV1 induces a better immune response than 
the other vaccine candidates and that CCMV1 is the most promising 
antigen in terms of inducing antibodies with a robust capacity to bind 

the native viral target. Thus, we focused all further efforts on better 
characterizing the immunogenicity of CCMV1 with adjuvant. Fig. 6 
shows the ELISA with serial dilutions of the serum from G3 and was used 
to determine the total IgG antibody titers produced by this antigen. The 
total IgG antibody titers for this group were 12,800. 

To further characterize the immunogenicity of CCMV1 + adjuvant, 
we measured the relative levels of the IgG subclasses IgG1 and IgG2a in 
the G3 group; observing higher level of IgG1 in both G3 and G9, with a 
higher response in G3 compared to G9 (Fig. 7). 

In the previous ELISAs we used the full-length S protein as the an-
tigen; however, we wanted to investigate whether we could use a syn-
thetic peptide covering 31 of the 38 amino acids that constitute the 

Fig. 5. Levels of total anti-S IgG determined by 
ELISA. The antigen used was the full-length S protein 
(Delta variant). The arrows indicate the days of im-
munization of the mice. G1(Negative group); G2 
(CCMV1-PBS (10 μg); G3 CCMV1-Al(OH)3 (10 μg); 
G4 CCMV-WT(10 μg);G5 CCMV2-PBS(10 μg); G6 
CCMV2- Al(OH)3(10 μg); G7 CCMV3-PBS(10 μg); G8 
CCMV3- Al(OH)3(10 μg); G9 CCMV1/CCMV2/ 
CCMV3- Al(OH)3(25 μg). The asterisks denote the 
statistically significant differences versus the negative 
control group (G1) at P < 0.05.   

Fig. 6. ELISA-based detection of anti-S IgG in serial dilutions of sera from mice immunized with CCMV1 + adjuvant. The antigen used was the full-length S protein. 
The error bars are the standard deviation of the mean absorbance value from the four mice per group. The total IgG antibody titers in this group were 12,800. The 
serum was collected 66 days after the third immunization. The error bars are the standard deviation of the mean absorbance value from the four mice per group. 
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SARS-CoV-2 epitope in CCMV1 as an antigen to detect the antibodies 
generated by these vaccine candidates. Fig. 8 shows the indirect ELISA 
for different sera dilutions for G1, G2, G3, and G4, where the antigen 
used was a synthetic peptide covering S461–493. This antigen was able to 
modestly detect antibodies of the mice immunized with CCMV1 without 
adjuvants (G2). The detection of the antibodies generated by CCMV1 +
adjuvant was higher than for G2. As expected, this ELISA did not detect 
the antibodies generated by mice with the mock immunization (G1) or 
those immunized with the WT CCMV. The drastic loss of sensibility in 
this ELISA suggests that the lack of tertiary structure in the peptide, 
compared to the full-length protein, negatively affects the recognition of 
antibodies generated with a “structured” version of the same peptide. 

The binding capacity of the antibodies induced by the CCMV CP 
chimeras was also determined using the S protein from the Delta variant. 
As shown in Fig. 9, the binding capacity of the CCMV1-induced anti-
bodies to the Delta variant S protein was lower (two-fold) compared to 
that of the Wuhan S protein, which is expected as the Delta variant 
carries one point mutation in the target epitope present in CCMV1 

(T478K). 
An anti CP-ELISA revealed that animals seroconverted after the first 

boost (data not shown), indicating the induction of antibodies against 
the carrier. However, as mentioned above, the anti-S response was 
magnified by the CCMV1 antigen upon further boostings, suggesting 
that the anti-CP antibodies do not block the production of anti-RBD 
antibodies. 

4. Discussion 

In the present study, chimeric CCMV-based proteins were produced 
as attractive immunogens against SARS-CoV-2. Plants viruses can be a 
highly advantageous platform for producing biopharmaceuticals; they 
can be produced either in plants or in recombinant systems (e.g., E. coli); 
thus, they can become low-cost production systems. Furthermore, they 
can be easily genetically and/or chemically modified to present novel 
epitopes. Therefore, they should be explored as a platform for gener-
ating vaccines and immunomodulant molecules. In addition, structure 
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Fig. 7. Levels of anti-S IgG subclasses 
determined by ELISA. The antigen used was 
the full-length S protein. The sera were 
diluted to 1:1600. G1(negative group); G2 
(CCMV1-PBS (10 μg); G3 CCMV1-Al(OH)3 
(10 μg);G4 CCMV-WT(10 μg);G5 CCMV2- 
PBS(10 μg); G6 CCMV2- Al(OH)3(10 μg); G7 
CCMV3-PBS(10 μg); G8 CCMV3- Al(OH)3(10 
μg); G9 CCMV1/CCMV2/CCMV3- Al 
(OH)3(25 μg). The error bars are the standard 
deviation of the mean absorbance value for 
each experimental group. The asterisks 
denote the statistically significant differences 
versus the IgG2a mean signal at P < 0.05.   

Fig. 8. Levels of anti-S461–493 IgG antibodies determined by ELISA. Sera was obtained from the following groups: G1 (Negative group); G2 (CCMV1-PBS (10 μg); G3 
CCMV1-Al(OH)3 (10 μg); and G4 CCMV-WT(10 μg); and analyzed by ELISA using the peptide S461–493 as the target antigen. The asterisks denote the statistically 
significant differences versus the negative control group (G1) at P < 0.05. 
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and epitope-based vaccine design has become a promising strategy to 
improve the efficacy of subunit vaccines [23], and the intrinsic prop-
erties of the plant viruses can be used for the generation of novel subunit 
vaccines that could have a higher immunogenic profile when fused to 
the antigen of interest that when administered alone. In other words, the 
viral component of the subunit vaccine could act as a carrier/adjuvant. 
This is especially important in the context of the low immunogenicity 
that most subunit vaccines have when presented without the appro-
priate adjuvants. 

In this article, we genetically engineered the CP of CCMV to deliver 
different SARS-CoV-2 epitopes from the S protein, which is critical to 
achieving immunoprotection against COVID-19. As a first effort, we 
decided to use the CP in its dimeric form rather than as a virus-like- 
particle (VLPs) that contains 180 CP with icosahedral symmetry. The 
choice of using the CP in its dimeric form was primarily motivated by the 
fact that recombinant protein went to the inclusion bodies. Nonetheless, 
we are optimizing the expression system to purify soluble CP and thus 
immunize mice with VLPs rather than the dimeric CP. Furthermore, the 
goal to purify the chimeric CCMV/SARS-CoV-2 VLPs is further moti-
vated by the modest antibody titers observed in the immunized groups 
that do not contain the adjuvant. 

Of the three chimeric CPs, CCMV1 is considered the most promising 
one since it induced higher IgG levels targeting the native S protein. 
CCMV1 contains the S463–500 epitope, which carries a Th and a CTL 
epitope, as well as six ACE2 binding sites. Therefore, this mutant will be 
next evaluated in the form of VLPs to determine if it is able to induce 
such a humoral response in the absence of adjuvants. 

An issue of concern is the effectiveness of the current vaccines 
against the current VOC (e.g., Delta and Omicron) and any future var-
iants. For example, studies have revealed that the variant B.1.617.2 
evades neutralizing antibodies from sera of convalescent patients, as 
well as sera from individuals vaccinated with two different vaccines, one 
based on an adenovirus vector (ChAdOx1) and the other mRNA based 
(BNT162b2) [26]. However, the BNT162b2 and mRNA-1273 vaccines 
both showed robust effectiveness (≥90 %) against Delta-related hospi-
talization and fatality, in line with studies from the United Kingdom, 
United States, and Israel [27]. Furthermore, after the completion of the 
two-shot Pfizer vaccine, the rate of protection against the Delta variant 
was 79–87 %, while that of the AstraZeneca vaccine was 60 %, both of 

which were lower than those against the Alpha variant [28]. These re-
sults are consistent with our findings. On the one hand, the epitope in 
CCMV1 has only one mutation with respect to the Delta variant (T478K), 
and this was enough to decrease the ability of the CCMV1-induced an-
tibodies to recognize the S protein from the Delta variant. These results 
clearly show that antibody-antigen binding is greatly influenced by the 
binding site and its surrounding structural context. 

Our study suggests that using genetically engineering CCMV CP to 
present three different SARS-CoV-2 epitopes from protein S is a potential 
option for creating an effective vaccine against COVID-19. Previous 
studies have shown that this protein, under suitable pH conditions, 
forms VLPs and other non-canonical structures [16]. The ability of plant 
viruses such as CCMV and brome mosaic virus (BMV) [29] to self- 
assemble in the presence and absence of nucleic acid as well as in 
different shapes can become an advantage to produce chimeric proteins 
that present multiple copies of the antigen of interest, which could 
decrease the need of using adjuvants. Furthermore, an important 
consideration is that plant virus nanotechnologies offer high thermal 
stability [30]; CCMV VLPs can be stable at temperatures between − 80 
and 50 ◦C, thus overcoming the need for cold-chain storage and distri-
bution [31]. This is a clear advantage over the vaccine platforms already 
approved today, such as mRNA vaccines. Another advantage of the 
CCMV-based platform is related to the detrimental effect on the vaccine 
efficacy induced by blocking antibodies. Upon immunization anti-CP 
antibodies will be indeed induced, as shown in the anti-CP ELISA 
data. However, our results showed that the second and third immuni-
zations induced a dramatic increase in antibody levels supporting the 
effectiveness of the boost using the CP-based antigens. Another key fact 
is that CCMV does not infect edible plants for human consumption, and 
thus vaccinees are not expected to have anti-CP antibodies at the 
priming phase, maximizing the action of the vaccine; which contrasts 
with the case of adenoviral vaccines in which the preexisting antibodies 
may exist as a consequence of possible previous adenovirus infections 
[32,33]. 

The evaluation of the neutralizing potential of the antibodies 
induced by the CCMV-based chimeras is ongoing, using an in-house 
neutralization assay based on a pseudovirus. RBD-specific antibodies 
have greater potency to neutralize infection with divergent virus strains 
[34], however studies on previous SARS-CoV-2 variants have 

Fig. 9. Levels of anti-S IgG antibodies determined by ELISA. Sera from mice immunized with CCMV1-AL(OH)3 (G3) was analyzed by ELISA using Delta variant- or 
Wuhan- S protein as the target antigen. The error bars are the standard deviation of the mean absorbance value from the four mice. The asterisks denote the sta-
tistically significant differences versus the signal of the anti-Delta response at P < 0.05. 
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demonstrated that mutations within the receptor-binding domain (RBD) 
mediate escape from vaccine-induced neutralizing antibodies [35,36]. 

The CCMV1 chimera showed a sufficient immune response against 
the Delta variant, although lower than that against Wuhan S protein. 
However, the response against the Omicron variant remains to be 
evaluated since Omicron has 15 mutations in the RBD region of the spike 
protein, of which six falls into the CCMV1 sequence (E484A, S477N, 
T478K, Q493R, G496S, and Q498Y). Given the 15 mutations present in 
the RBD of Omicron, it was anticipated that this variant would be 
significantly associated with immune evasion [35,37]. In fact, there is 
evidence showing that Omicron could lead to a 10–40-fold reduction in 
neutralization capacity [38]. 

Previous studies agree that the costs of cultivating E. coli are 10- to 
100-fold less expensive than those implied for growing non-microbial 
eukaryotic cells [39]. The expression of RBD in E. coli has been 
explored by some groups; however, this recombinant protein is largely 
insoluble and therefore requires solubilization and refolding [40], 
perhaps due to the incompatibility between the four disulfide bonds in 
the native RBD structure and the reducing environment of the E. coli 
cytoplasm [41]. Our CCMV-based chimeras were easily solubilized and 
resulted in stable proteins, rendering a highly promising platform for 
producing epitope-based vaccines against SARS-CoV-2. Biomass yields 
ranged 14-15.15 g/L whereas recombinant protein yield was 750 μg/L 
on average, which is lower to other studies reporting biomass yields of 
28 g/L and recombinant protein yields of 122 mg/L [39]. 

Mice and humans have several IgG isotypes that differ in their ability 
to recruit innate cells, fix complements, and engage Fcγ-receptors [40]. 
When BALB/c mice mount a Th2 response, IgG1 is predominantly pro-
duced, while Th1 responses comprise predominant IgG2a antibodies 
[42]. Interestingly, the immune response induced by the test chimeras 
comprised the IgG1 subclass predominantly, suggesting a Th2-biased 
response, offering an interesting perspective for evaluating the 
neutralizing potential of the induced antibodies. 

In most studies, the vaccine efficacy or effectiveness against severe 
disease remained high (≥70 %) for up to 6 months after vaccination for 
Pfizer–BioNTech, Moderna-mRNA, Janssen-Ad26.COV2⋅S and 
AstraZeneca-Vaxzevria (and mostly ≥80 % for the two mRNA vaccines) 
[43]. The monitoring of the acquired immunity with the chimeras was 
carried out up to 4 months after the last dose administered to the mice, 
showing a favorable response even to high serum titers for CCMV1 with 
adjuvant. A point to consider is that the waning protection against 
infection over time was due to both declining immunity and the emer-
gence of variants [44,45]. 
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